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AN EVALUATION O F  THE EFFECT O F  INSTALLED 
CALORIMETERS ON THE IMPINGING HEAT FLUX DENSITY 

INTRODUCTION 

The init ial  concept of Task  Order  9 was to  investigate the effect of the 
s i ze  of ca lor imeters  on the impinging heat flux densit ies a t o r n e a r  the exit 
of rocket engines. Pre l iminary  calculations revealed that the s i ze  of the 
senso r  might not be so important,  but that the tempera ture  of the senso r  
relative to i t s  surroundings could have a la rge  influence on the impinging 
heat flux density. Therefore ,  the purpose of this task o r d e r  was to 
investigate analytically and experimentally the effects of both senso r  tempera-  
tu re  and s i ze  on the impinging heat flux density. 

Specifically, the study was to determine both analytically and experi-  
mentally whether a ca lor imeter  mounted in a plane wall having a higher 
s u r f a c e  temperature  than the calor imeter  will indicate an e r roneous  heat 
flux density as a resul t  of the surface temperature  difference, and to 
determine whether the s i ze  o r  location of the ca lor imeter  has  any influence 
on the e r r o r .  

In o r d e r  to predict  the effect of surface tempera ture  differences on the 
total heat flux density, i t  is necessary  to consider the effect which this  has on 
each of the var ious modes of heat t ransfer  existing in  the flight installation, 
and then re la te  the change, o r  e r r o r ,  in  each, to  the total heat flux density 
sensed by the ca lor imeter .  

The effect of sur face  temperature  discontinuities on the local convective 
heat t r ans fe r  coefficient to a flat plate has  been studied by seve ra l  investi- 
ga tors .  1-6 The general  conclusion has  been that a sur face  temperature  
discontinuity resu l t s  in a marked change in the convective heat t r ans fe r  
coefficient in  the region of the discontinuity. 

Rubesin' derived expressions for  the heat t r ans fe r  coefficient to a flat 
plate downstream of a sur face  temperature discontinuity f o r  the case  of a 
turbulent, incompressible boundary layer .  He determined the constants in 
his  equations from an experimental  investigation by Scesa2 Other investi-  
g a t o r ~ ~ - ~  have since determined expressions s imi l a r  to Rubesin's  but having 
different  exponential constants. Reynolds, Kays, and Kline5 concluded from 
theoret ical  and experimental  investigations that the Rubesin equation predicts  
heat f lux densit ies which are too high, a conclusion which has  singe been 
substantiated by data reported by Eichorn, Eckert ,  and Anderson. 
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From Rubesin’s analysis and their  own experimental  investigation, 
the Advanced Technology Division (ATL) of American Standard concluded 
that large surface temperature  discontinuities could cause the heat flux 
density indicated by a membrane calor imeter  to  differ by as much as 30 
to  40% from the heat flux density to an  isothermal  surface!-9 
they concluded, is due to  a change in the heat t ransfer  coefficient nea r  the 
discontinuity. 
C-1118 membrane ca lor imeter  mounted in a copper plate to s imulate  the 
isothermal  case,  and in f i rebr ick  and ceramic-coated su r faces  to simulate 
the nonisothermal case.  
oxy-acetylene torch directed parallel  t o  the surface.  

The difference, 

Thei r  experimental  investigation was per formed using a 

Variable heating rates were provided by an  

F rom s imi l a r  tests on a nickel slug calor imeter ,  ATL concluded that 
their  calibrations using both radiative and convective sou rces  were s i m i l a r  
until the heat flux density exceeded 1 5  Btu/f t2/sec.  

A pre l iminary  analysis made he re  revealed that the ma jo r  influence 
is not s i ze  of the sensor ,  but the temperature  of the senso r  relative to the 
surrounding material ,  s o  the subsequent analysis  was directed toward the 
effect of surface temperature  differences between the ca lor imeter  and its 
surroundings on the impinging heat flux density. The analysis was based 
on turbulent, incompressible flow over a flat plate. It was concluded that 
solely because of the differences in the temperature  of the senso r  and its 
surroundings a colder ca lor imeter  would be exposed to as much as 4oq/, 
g r e a t e r  total heat flux density (radiation plus convection) f o r  the c a s e  of 
any senso r  a t ,  say,  300°F with the surroundings at  1700°F to  3000°F. Also, 
slug and membrane ca lor imeters  (of the s a m e  o r  different s i zes )  a t  great ly  
different sur face  tempera tures  of perhaps 1200°F would receive total heat 
flux densi t ies  different by as much as  30% when the convective fluid was 
a t  4000°F. 
the o r d e r  of 15v0 due to the increased influence of the radiative heat flux 
density, but the absolute e r r o r  would remain  approximately 4ovO. A further. 
e r r o r  resu l t s  from the increase  in  the convective heat t ransfer  coefficient in 
the vicinity of the discontinuity; however, i t  was suspected that this i nc rease  
is far less than predicted theoretically by Rubesin’ and discussed by ATL?” 

At flame temperatures  of 6O0O0F, this  difference would be of 

The extent of the analytical s t u d i e s  made under this task o rde r  were 
limited due to commitments on other task orders .  
not made in  sufficient depth to predict the exact effect of a sur face  temperature  
discontinuity existing a t  a calor imeter  imbedded in a sur face  which was at 

Hence, the analysis  was 
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a higher temperature .  The analysis does point out, however, that differences 
in ca lor imeter  tempera tures  can cause la rge  differences in  the heat flux 
densit ies regard less  of the change in the heat t ransfer  coefficients. 

Experimental  s tudies  were performed on copper slug total ca lo r ime te r s  
mounted s ide by side in  an isothermal surface.  
ca lor imeter  sur face  temperature  and s i ze  on the impinging heat flux density 
w e r e  studied by designing the senso r s  to operate  a t  different surface tempera-  
tu res  or by varying the s i ze  of the calor imeters .  

The relative effects of 

THEORY 

By independent analyses,  severa l  inves tigat01-s"~ developed the following 
expression fo r  the heat t ransfer  coefficient downstream of a s tep temperature  
dis continuity 

9 1  

where h Is the heat t ransfer  coefficient downstream of the discontinuity, 
is the heat t r ans fe r  coefficient which would exist  if the su r face  were 
i so thermal  and L and X are  shown in  the sketch below. 

h, 

F L  IV/,,//,/,// ,,,, //,/L 

V X  
x =  L 

Equation (1) applies to  turbulent incompressible flow over  a flat plate 

Rubesin a r r ived  at the s a m e  expression as equation (1) with 
with a n  unheated s ta r t ing  length (T, = T,, where T, is the f r ee - s t r eam 
temperature) .  
the exception that the values of exponents w e r e  different: 
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39 7 
T 40 39 
- - -  

Rubesin a l so  extended h is  analysis to the case  where the region of the 
plate preceeding the discontinuity was a t  a temperature  other  than the free- 
s t r eam temperature  (T, $ T,). The expression which he obtained was 

/ 

Fur ther ,  Rubesin integrated and averaged equation (2) to yield the ra t io  
of the average heat t ransfer  coefficient over  the region of the discontinuity 
(W-L) to the local heat t ransfer  coefficient which would exist  a t  the center  
of the region if the ent i re  surface were a t  a uniform temperature  T,. 

h L L - 
z F (y) + H ( y )  Z (4) 

where h is the average heat t ransfer  coefficient over the region L < X <, W, 
h, is the local isothermal  heat t ransfer  coefficient which would exis t  a t  
w+ L 

, L is the distance from the leading edge to the discontinuity, W is 

the distance from the leading edge to the r e a r  of the region considered and 2 
is defined by 
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where T, is the temperature  downstream of the discontinuity, T, is the upstream 
surface temperature  and T, is the f r ee - s t r eam temperature.  

F ( W) and H ( w) in equation (4) a r e  plotted on Figures  1 and 2, respectively.  

The functions 
L L 

It should be noted that W in equation (4) is actually a distance pa rame te r  
which may be  var ied to  change the dimensions of the region under consideration. 
The assumption is tacit in  the equation that whatever values the sur face  tempera-  
tu re  may have downstream of W will not effect  the heat t r ans fe r  coefficient 
upstream of W. 
in obtaining a theoretical  expression f o r  the average heat t ransfer  coefficient 
over a sma l l  region. 
plug type heat m e t e r s  installed in the su r face  of a flat plate. In the case  of a 
plug type heat m e t e r  which was a t  a different temperature  than the sur face ,  L 
would be the distance f rom the leading edge to the front of the plug and W the 
distance f rom the leading edge to the rear. 

The importance of the pa rame te r  W is that i t  is ve ry  useful 

Rubesin stated that equation (4) could be applied to 

The applicability of equation (4) to a sma l l  c i rcu lar  plug in a l a rge  plate 
is questionable in view of the fac t  that the analysis  was made f o r  a two 
dimensional boundary layer  and does not include three dimensional effects 
which the discontinuities around the s ides  of the plug would introduce. 
this equation has  not yet been satisfactorily correlated with experimental  data 
f o r  a c i r cu la r  plug type heat meter ,  the exact applicability of equation (4) to 
this  situation is not known. 
t ransducers  led them to conclude that Rubesin's  analytical expression 

Since 

However, experiments by A T L  on c i rcu lar  

yielded values which approximated the experimental  resu l t s .  7- 9 

L L 
W Values of the functions F (-) and H (T), as determined by Rubesin, 

indicate that this ra t io  will approach infinity as L / W  approaches 1 (at the 
pe r ime te r  of a calor imeter) .  
physical reali ty,  and to some experimental data reported in reference 5. 
Undoubtedly, the so-called infinite t ransfer  occurs  over  a finite distance 
and has  but little effect on the average heat flux density into a sensor .  

This  seems somewhat contradictory to 

Since the heat flux density is given by the equation 
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where k is the thermal  conductivity of the fluid in the boundary layer ,  and 

ELI 
the surroundings), Rubesin's equation predicts  a n  infinite tempera ture  gradient 
at the calor imeter  surface nea r  the discontinuity. 

is the temperature  gradient at the su r face  (at the ca lor imeter  o r  
a Y  Y ' O  

Reynolds, e t  al, performed experimental measurements  of velocity 
and temperature  profiles in the boundary layer  downstream of a s tep  
change in surface temperature .  
temperature  profile departed from the predicted value; however, the heat 
t ransfer  coefficients were increased on the o rde r  of 50% nea r  the discontinuity, 
not infinitely as predicted. 
the theoretical  equations break  down nea r  the discontinuity. 

They found that nea r  the discontinuity, the 

Thus, there is s t rong evidence to indicate that 

The following analysis  shows that ca lor imeters  a t  different tempera tures  
may indicate considerably different heat flux densities. 
calculations is to indicate the magnitude of the e r r o r  in  the total heat flux 
density to ca lor imeters  a t  sur face  temperatures  different than the surroundings 
in which they are located. Note that the convective e r r o r  in these readings 
would a l s o  be subject to an additional e r r o r  in  the heat flux density because 
of the increase  in  the heat t ransfer  coefficient a t  the edges of the ca lor imeter  
due to the temperature  discontinuity. 

The purpose of the 

~ 

Consider the ca lor imeter  to be a body embedded in  a flat plate. The 

The ca lor imeter  and surrounding plate are  heated by a gas  
plate and ca lor imeter  are  assumed to be at constant, but different, sur face  
temperatures .  
a t  t empera ture  T, flowing paral le l  to their  su r f aces  with velocity u,. The 
velocity is assumed to be sufficiently high that a turbulent boundary layer  
exis ts  next to the plate. 

The net heat flux density to the ca lor imeter  is given by the expression 

where 

2 
4 = heat flux density, B tu /h r / f t  
A 

= Stefan-Boltzman constant = 0.173 x Btu/hr/f?/ 'R4 
e + 1  

2 
e,' = effective emissivity of the sur face  --&----- 

ef = emissivi ty  of flame 
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cyf  - absorptivity of f lame 

Too = gas  temperature ,  OR 

Ts = surface temperature ,  OR 

h = convective heat t ransfer  coefficient, B tu /h r / f t  /OF 
2 

We shal l  now consider the net contribution of each of these t e r m s  f o r  

The surrounding sur face  
cases  of a slug and a membrane calor imeter  at su r face  tempera tures  of 
1500OF and 3 0 0 " ~ ~  and exposed to gas a t  40OOOF. 
temperature  is assumed to be 1700°F. Assume each ca lor imeter  is 2 inches 
in diameter  and that both a r e  located 2 feet f rom the leading edge of the plate. 
These conditions correspond approximately to the tes t  conditions reported by 
ATL. 7-9 

The radiant heat flux density w i l l  be calculated assuming an emittance 
and absorptivity of the flame equal to 0.2. 
values are conservative.  
actual emittance of 0.9, is 0.95. 

For luminous flames,  these 
The effective surface emittance e,' , based on an 

The radiant heat t ransfer  to the slug ca lor imeter  is then 

1 e 
(8) 

qr = f 3600 

which gives a value of approximately 35 Btu /sec / f t2  to the slug ca lor imeter  
and 36 Btu / sec / f t2  to the colder membrane calor imeter ,  a difference of about 
3 percent.  A s  expected, f o r  high flame temperatures ,  the lower surface 
tempera ture  exe r t s  l i t t le influence on the net radiant heat flux density. 

T o  determine the heat flux density by convection, a convective heat 
t r ans fe r  coefficient f o r  the isothermal case  will be determined. 
initial approximation, the effect of surface temperature  discontinuities will 
be neglected. 

As an  

Reynolds, Kays, and Kline" have shown that the local heat t ransfer  
coefficient f o r  turbulent incompressible flow over an isothermal  flat plate 
is given by the expression 

Nu = 0.0296 P r o 6  Re;8 
(9) X 

SOUTHERN RESEARCH INSTITUTE 



-8- l -  
i 

I -  where Nu, is the local Nusselt number, Pr  is the Prandtl  number and Re, 
is local Reynolds number. 

The fluid propert ies  are evaluated a t  the f r e e  s t r e a m  stat ic  temperature .  

Equation (9) holds fo r  Reynolds numbers  f rom lo5 
The ra t io  (Ts/T,)-Oa4 in equation ( 9 )  is a correct ion for  temperature  
dependent fluid propert ies .  
to 3 . 5  x lo6. 

Although the fluid in this case is a mixture  of the combustion products 
of oxygen and acetylene, in o rde r  to simplify the calculations, the proper t ies  
of air  will be used. Since the propert ies  of air and most  combustion gases  
are quite s imi l a r ,  this substitution will have l i t t le effect of the final resu l t s .  

Recall that fo r  flow over  a flat plate, a boundary layer  f o r m s  at the 
leading edge and inc reases  in thickness with distance along the plate. 
flow i n  the boundary layer  is laminar fo r  a cr i t ical  distance Xc from the 
leading edge, beyond which i t  becomes turbulent. 

The 

The transit ion from laminar  to turbulent flow usually occurs  where the 
local Reynolds number is equal to  5 x lo5. l1 F o r  the purpose of this analysis,  
a value of lo6 is assumed f o r  Reynolds number. 

The other  proper t ies  of air at 4000°F are summar ized  below. 

Pr = 0.8 

k = 0.088 Btu/hr/ft2/OF 

Substituting in equation (9) we get fo r  the convective heat t r ans fe r  
coefficient 

.0296 (. 088) (. 8) (1700) - * *  

2 h =  
\ 

= 101 Btu/hr/ft2/OF 

The heat flux densit ies to the two ca lor imeters  (uncorrected f o r  su r face  
tempera ture  discontinuities) is 

= 72 Btu/sec / f t2  
(4000 - 1500) 

3600 = 101 - s'\ 
A )  s c  

to the w a r m e r  calor imeter ,  and 
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- 104 Btu /sec / f t2  
(4000 - 300) 

= 101 3600 

to the colder membrane calor imeter .  
membrane and slug ca lor imeters ,  respectively; c denotes convection. 

The subscr ip ts  m and s r e f e r  to 

The r e su l t s  of these calculations a r e  summar ized  in Table 1. 

Thus, the total heat flux densities to the colder and warmer  ca lor imeters  
a r e  140 and 107 Btu / f t2 / sec ,  respectively, a difference of approximately 30%. 
Note that this difference is due entirely to the difference i n  the sur face  tempera-  
t u re s  of the two calor imeters .  
density to the surrounding surface a t  1 7 0 0 O ~  is 100 Btu/sec/f t2 .  The membrane 
and slug ca lor imeters  thus indicate values which are 4w0 and 870 high, respec  - 
tively." 

Also note f rom Table 1 that the t rue heat flux 

Returning to the basic  heat flux density equation (7), consider the case  
of a typical flight installation, where the f lame temperature  Too = 60OO0F, and 
the sur face  temperatures  are  3 0 0 " ~  and 1500OF for  the membrane and slug 
calor i  m et e r s,  respectively . 
assumed to be 3000°F. 

The surrounding surface temperature  i s 

The following fluid proper t ies  a r e  assumed: 

P r  = 1.0 

k = 0.1 B tu /h r / f t  / O F  

2 

2 
A heat t ransfer  coefficient of 123 B t u / h r / f t  / O F  was calculated and 

assumed as applicable to both the insulated sur face  and the calor imeter .  
The heat flux densit ies to the membrane and slug ca lor imeters  were 
calculated to d i f fe r  by 13q0, which is considerably bet ter  agreement than 
f o r  the p r io r  ca se  of lower flame temperatures .  However, note that the 
heat f lux densit ies to the calor imeters  differ  by 41. 5% and 25. 570 f rom the 
t rue  heat  flux density to the insulated sur face .  
t empera ture  on the impinging heat flux density is thus readily apparent even 
a t  the higher gas  temperatures .  
equation (7) a r e  summar ized  in Table 2. 

The effect of the ca lor imeter  

The heat f lux densit ies calculated f rom 
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EXPERIMENTAL APPARATUS AND PROCEDURE 

The experimental  apparatus which was used in these studies is shown 
on Figure 3. 
stat ic  p r e s s u r e  probes connected by a water manometer,  3) a gas  tempera ture  
thermocouple, 4) two tes t  t ransducers  mounted s ide by s ide in the duct, and 
5) recording devices to measu re  the voltage output of the t ransducers .  
oxy-acetylene torch was used to provide a high temperature  gas  s t r eam.  

This  setup consisted of 1) a rectangular duct, 2) total and 

An 

A rectangular duct was used in  o r d e r  to provide turbulent flow. It was 
found that the oxy-acetylene torch did not provide a sufficiently high velocity 
to yield turbulent flow over a flat plate fo r  the length of duct space available. 
The duct dimensions were 3 inches by 5 inch giving a hydraulic diameter  of 
0.856 inches. The ducts were constructed of f i rebr ick coated with zirconium 
oxide cement (Zircona Y-82 Cement) with the exception of ducts 5 and 6. 
Duct 5 was constructed from zirconia plates  and duct 6 was made of uncoated 
firebrick.  

1 

The total and s ta t ic  p r e s s u r e  probes were  made of graphite and were 
used to measu re  the gas  velocity. 
manometer  so that the differential p re s su re  could be r ead  directly in  inches 
of water.  
definition of velocity head for  incompressible flow. 

The probes  were connected through a 

This  reading was converted into flow velocity by using the 

where g is the gravitational constant, 
of water,  y is the ra t io  of the specific weight of water to  the specific weight 
of the g a s  a t  the flow conditions and V is the velocity in  f t / sec .  
of incompressible  flow was valid a t  the low Mach numbers  encountered. 

H is the differential p re s su re  in  inches 

The assumption 

The flow velocity was found to  remain ve ry  constant during the run, 
thus the water manometer  was acceptable as a measuring device. 
i t  was found that the gas  velocities were fair ly  repeatable f rom run to  run; 
therefore ,  gas  velocit ies were measured only for the f i r s t  two tes t  ducts. 
F o r  all following runs  the velocity was assumed to be approximately that 
measured  in the f i r s t  runs.  This  procedure did not lead to any additional 
e r r o r  s ince  the only purpose of the velocity measurement  was to confirm 
that turbulent flow existed in  the duct. 

Fur thermore ,  

-~~~~ 
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The gas  temperature  was measured with an iridium,/iridium-60 
rhodium thermocouple. 
wall and bent at a 90" angle such that i t  centered in the duct and was near ly  
isothermal  f o r  a shor t  length to reduce conduction losses .  

This  couple was mounted through the isothermal  

The isothermal  (duct) surface temperature  was measured with a 
chromel-alumel  thermocouple mounted approximately 
duct surface.  This couple was inserted through the f i rebr ick,  bent at an  
angle of go", and cemented in  place during the buildup of the duct. 
length of wire paral le l  to the duct surface of about 4 inch long was placed 
in the leads to reduct conduction losses  f rom the bead. 
ducts platinum /platinum-10 rhodium thermocouples were  used to measure  
the su r face  temperature .  
groove running a c r o s s  the duct with the bead located in the center  and the 
leads extending to e i ther  s ide of the duct. 
work equally well i f  not bet ter  than the previous installation. 

1 inch below the 

The 

In the l a s t  two 

These thermocouples were placed in  a ve ry  sma l l  

This  installation was found to 

The slug ca lor imeters  used a r e  shown in Figure 4. A s  shown these 
slugs were made of copper and grooved to increase  the effective emittance 
of the surface.  Chromel-alumel thermocouples spot-welded to the back of 
these t ransducers  provided the emf-time measurements  used i n  the heat 
flux density calculations. 

In o r d e r  to measu re  surface temperlature effects, two slug ca lor imeters  
3 

of $ inch diameter  were used; one being 8 inch thick and the other  8 inch 
thick. The thicker ca lor imeter  had the lower temperature  rise with time, 
therefore ,  providing the lower surface temperature .  A theoretical  analysis  
of t h e z  inch thick ca lor imeters  was made to evaluate the temperature  lag 
existing between the front and back face during t ransient  heat flow. 
analysis  for an infinite s l ab  insulated on the back face and with a constant 
heat flux density over the front face revealed that the temperature  difference 
would be about 8°F; however, the temperature lag remains  approximately 
constant with time, therefore,  yielding the co r rec t  temperature-  t ime slope 
f o r  heat  flux density calculations. 
of the specif ic  heat used in the calculations, and this amounts to a n  e r r o r  
of only 0. 37'. 

3 

An 

The only e r r o r  introduced is in  the value 

For studying the effects of calor imeter  diameters ,  ca lor imeters  of a 
inch and  1 inch d iameters  and 
ca lo r ime te r s  were all 
they would exhibit the s a m e  temperature-  t ime behavior. 

inch and 1 inch d iameters  were  used. These  
inch thick s o  that under identical heat flux conditions 
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The heat flux density data were reduced from the temperature- t ime 
data of the ca lor imeters  by using the following s tandard equation. 

Before making a run, the duct was constructed by coating f i rebr ick  with 
zirconium-oxide cement (Zircoa Y-82). During the buildup, the p r e s s u r e  
probes and gas  and sur face  temperature  thermocouples were cemented in  
place. 
the flow from the oxy-acetylene f l ame .  
the s t ra ight  run of the duct was taken as the leading edge f o r  all measu res  
of the location of the ca lor imeters .  

The duct was radiused on the front end as shown in Figure 3 to guide 
The tangent point of the radius  and 

The ca lor imeters  were all weighed and measured before attaching 
the thermocouples. After these measurements,  the thermocouples were  
attached and calibrated for  temperature  ve r sus  emf output against a 
s tandard thermocouple. 
attached to the galvanometer circuit  of the oscillograph, which would be used 
during the test ,  and with the cor rec t  length of lead wire. 
accounted fo r  e r r o r s  inherent in the thermocouple junctions as well as e r r o r s  
a r i s ing  from cur ren t  requirements  of the oscillograph. After the calibration 
was complete, the ca lor imeters  were installed in  the duct and insulated on 
the s ides  and bottomwith F ibe r f r ax  with the exception of duct 6 f o r  which 
thermatomic carbon insulation was used. 

The calibrations were performed with the ca lo r ime te r s  

This  calibration then 

The tes t  assembly  was then positioned in  front of the oxy-acetylene 
torch and all recording equipment connected. 
and the surface tempera ture  thermocouple were  recorded on a Midwestern 
Instruments oscillograph, Model No. 621 -5. The gas  temperature  was 
recorded on a Moseley X-Y recorder .  The measurements  taken were (1) 
the g a s  temperature ,  (2) the velocity head of the gas, (3) the emf ve r sus  
t ime outputs of the two ca lor imeters  and (4) the emf ve r sus  t ime output of 
the surface tempera ture  thermocouple. 

The outputs f rom the ca lor imeters  

9 2 w  
where - is the heat flux density in B tu / sec / f t  , - is the weight to A A 
cross-sect ional  area ra t io  of the calor imeter  in  lb / f t  , C is the specific 
heat of copper in B tu / lb / "F  and AT/A 0 is the slope of the temperature-  
t ime curve  at a given t ime in "F/sec.  
of copper  were taken from WADC TR-58-476 and are shown on Figure  5. 

2 

P 

The  values used fo r  the specific heat 
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Since the objective was to study the effects of thermal  disturbances 
on the convective heat flux, the radiation heat flux density had to be separated 
from the total heat flux density measured by the tes t  ca lor imeters .  
determine the radiation heat flux density, a radiation ca lor imeter  was used. 
The ca lor imeter  (Chrysler  Corporation Model N-118-6460 Serial  No. 162) 
utilized a copper slug ca lor imeter  mounted in  a s ta inless  steel housing. 
The ca lor imeter  was separated from the flowing gas  by a quartz window and 
a helium purge was directed a c r o s s  the outer surface of the window. 
radiation ca lor imeter  was calibrated against  our  "standard" copper slug 
ca lor imeter  for  three different purge flow ra tes ,  and the measured heat flux 
was found not to  depend on the flow at the sma l l  flow rates used. 
e t e r  was then installed i n  the duct, and the heat flux density was measured 
at the approximate location at which the total heat flux s e n s o r s  were installed. 
F r o m  the radiation measurements ,  a curve of heat flux density ve r sus  the 
sur face  temperature  of the duct was obtained. 
the radiation from the CO,, CO and H,O gases  in  the oxy-acetylene flame was 
6. 5 B tu / sec  /f t  and was approximately constant for  duct sur face  tempera tures  
f rom 0 to 55OOF.  Above 55OoF, the gas  radiation was augmented by radiation 
f rom the upper duct sur face  which increased in a power curve with temperature .  
The radiant heat flux density as a function of duct su r f ace  tempera ture  and a 
givengas tempera ture  is shown on Figure 6. These experimental  data were 
used to obtain a convective heat flux density by subtracting the radiant 
portion which impinged on the calor imeter  at a given duct surface tempera ture  
f rom the total measured heat flux density indicated by the slug ca lor imeters .  

To  

The 

The calor im- 

The data obtained indicated that 

2 

DATA AND RESULTS 

Data were  obtained on s ix  different ducts which represented s i x  
different experimental  setups.  
were considered valid. 
the runs  with r ega rd  to ca lor imeter  s ize ,  location in the duct and the number 
of runs  made with each experimental setup. Typical temperature- t ime data 
f o r  an experimental  run  a r e  shown in F igure  '7. All of the data obtained 
were not reduced and presented since obvious e r r o r s  were apparent in some 
of the readings due to var ious causes such as ca lor imeter  insulation, l o s s  
of a ca lor imeter  o r  thermocouple indication, etc.  

A total of 19 runs were made of which 10 
Table 3 gives all of the pertinent information on 

The data a r e  presented in  Tables 4 through '7. The measured heat 
flux densi t ies  were  calculated by applying equation (11) to  the ca lor imeter  
data. The radiant heat flux densities were  then subtracted f rom the 
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measured heat flux densit ies to  yield the des i red  convective data. 
of the radiant heat flux density w a s  obtained f rom Figure 6 which gives the 
radiant heat flux density to a calor imeter  as a function of the wall temperature .  
The convective heat t r ans fe r  coefficient was calculated f rom the equation 

The  value 

where 
2 

h heat t r ans fe r  coefficient, B tu / sec / f t  / O F  

9, = convective heat flux density, Btu /sec / f t2  

T, = g a s  temperature ,  O F  

Tc  = ca lor imeter  sur face  temperature,  O F  

- 
The theoretical  ra t io  of the average heat t ransfer  coefficient, h ,  to the 

coefficient which would exist  f o r  a n  isothermal surface,  h,, was calculated 
from Rubesin's  equation (4). 
calor imeters .  
two ca lor imeters  was obtained by dividing the two ra t ios  h/h,. All three 
rat ios  are presented in Tables  4through 7. 

These ra t ios  were  determined for  both 
The r a t io  of the average heat t r ans fe r  coefficients f o r  the 

The purpose of the runs made in ducts 2 and 3 was to ascer ta in  the 
effect of a sur face  tempera ture  discontinuity on the convective heat flux 
densit ies measured by ca lor imeters  at  different temperature.  The two 
ca lor imeters  used in  these runs  were inch and g inch thick, respectively. 
These runs were made in  a firebrick duct which was coated with zirconium 
oxide cement. 
to isolate  the tempera ture  effects from effects of ca lor imeter  s i ze  o r  location. 

1 3 

Both ca lor imeters  were made the s a m e  diameter  in o r d e r  

Typical t ime-temperature  plots for these runs a r e  shown in Figure 7. 
The convective heat flux densit ies measured by the two ca lor imeters  a r e  
shown in F igures  8, 9, 10, and 11. Also shown on the upper portion of the 
f igures  is the difference in the surface and ca lor imeter  temperature  f o r  
each of the ca lor imeters .  
r ep resen t s  the colder ca lor imeter  since the surface temperature  was the 
s a m e  relat ive to  each calor imeter .  

Note that the higher temperature  difference 

Composite plots of the measured heat flux densit ies for  the runs in 
ducts 2 and 3 a r e  shown in F igures  12 and 13, respectively. 
runs the ca lor imeter  with the lower temperature  indicated a higher convective 
heat flux density. Note that the difference in the convective heat flux densit ies 
between the two ca lor imeters  was considerably g rea t e r  i n  duct 3 than in duct 2. 
The r eason  for  this is not known but probably re la tes  to the physical aspec ts  
of the sys tem.  

F o r  all of these 
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Shown on Figures  14 and 15 a r e  the rat ios  of the heat t ransfer  coefficients 
of the lower to the higher temperature  calor imeter  f o r  ducts 2 and 3 respectively.  
Also shown on these f igures  is the theoretical ra t io  as predicted by Rubesin. 
Note f rom Tables  4 and 5 that Rubesin's analysis  predicted a ve ry  sma l l  change 
in the average heat t r ans fe r  coefficient over  that which would exist  i f  the 
surface were  isothermal,  hence the predicted ra t io  was a l s o  small .  
was due mostly to the fact that the surface temperature  did not reach 
sufficiently high tempera tures  to cause a large predicted change. 

This  

The ra t ios  shown in Figure 1 4  fo r  duct 2 were sca t te red  about the 
values predicted by Rubesin; however, this w a s  r a the r  inconclusive since 
very  l i t t le change was predicted. The ra t ios  on Figure 15, however, were 
considerably higher than those predicted by Rubesin. 
expect that the ra t io  of the heat t ransfer  coefficients would increase  as the 
tempera ture  discontinuity increased. This  behavior was exhibited slightly 
for  the runs in duct 2 and a very  definite trend in  that direction was noted up 
to 8 seconds fo r  run 1 in duct 3. However, run 2 in duct 3 exhibited exactly 
the opposite behavior, decreasing with an  increasing discontinuity. 

Theoretically one would 

On Figures  16 and 17 the measured average heat t r a n s f e r  coefficients 
a r e  compared with the theoretical  isothermal  heat t r ans fe r  coefficients 
and the nonisothermal heat t ransfer  coefficients as predicted by Rubesin 
f o r  ducts 2 and 3 respectively.  Shown on these f igures  a r e  the measured 
average heat t r ans fe r  coefficients, the theoretical  local heat t r ans fe r  
coefficient which would exist  a t  the center  of the ca lor imeters  i f  the surface 
were i so thermal  at the sur face  temperature,  a s  predicted by the analysis of 
Reynolds, e t  al,1° equation (9), and the theoretical  average heat t r ans fe r  
coefficients as predicted by Rubesin, equation (4), based on the above 
mentioned isothermal  local heat t ransfer  coefficient, h,. Note that the 
agreement  between the measured and the theoretical  values was poor.  
fact ,  generally,  the curve of the measured average heat t r a n s f e r  coefficients 
exhibited an entirely different character  f rom the curves  of the theoretical  
values. 

In 

Shown on Figure 18 are the measured convective heat f lux densit ies 
1 to ca lo r ime te r s  of different diameters.  

and the other  was 1" diameter.  
so that under identical heat fluxes they would maintain identical t empera tures  
thus allowing the s i ze  effect ( L ratio)  to be studied. 

made in  a duct of f i rebr ick  coaEd with zirconium oxide cement. 

One ca lor imeter  was yl' diameter  
They were  made to have the s a m e  ra t ios  

A 

These  runs were  
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Note from Figure 18 that there  was very  l i t t le difference in  the 
convective heat flux densit ies measured by the two calor imeters .  
flux densit ies could be considered identical within the data sca t te r .  

The heat 

Shown on Figure 19 are the rat ios  of the average heat t ransfer  coefficients 
1 I1 of the 1'' diameter  to the 

figure is the theoretical  ra t io  as predicted by Rubesin. Note f rom Table  6 
that Rubesin predicted ve ry  little difference (less than 10 percent) between 
the average heat t ransfer  coefficients to the two calor imeters ,  hence the 
predicted ra t io  was ve ry  near ly  1. 
in the average heat t ransfer  coefficients to ' the  two ca lor imeters  was a resu l t  
of sma l l  t empera ture  discontinuities. 
to cause the function H (m-) in equation (4) to overr ide the function Z which 
stayed sma l l  due to  the lower than desired surface temperatures .  
Rubesin predicted sma l l  differences and s m a l l  differences were measured,  
these runs were  not a good check of the theory. 

diameter  ca lor imeters .  Also shown on this 

The s m a l l  predicted theoretical  differences 

Also the( !L) ra t ios  were not l a rge  enough 
L W 

Since 

L 

surface temperatures ,  z'' and 1" diameter  ca lor imeters  were mounted in  an 
uncoated f i rebr ick duct. 
for  the $' and 1" diameter  calor imeters  a r e  presented on Figure 20. The 
surface tempera ture  discontinuities at  each ca lor imeter  are presented on the 
upper portion of this figure. Note that the surface temperature  discontinuities 
obtained with this duct were  much higher than those obtained on previous runs.  

In o r d e r  to obtain la rge  differences in  the (m-) ra t ios  along with higher 
1 

The convective heat flux densit ies measured  i n  duct 6 

Note a l s o  that the a'' diameter  calor imeter  which had the la rger -& ra t io  
( W )  

indicated a considerably higher flux density. 
the theory; however, the difference w a s  much l a rge r  than predicted. 

This  was to  be  expected f r o m  

Shown on Figure  21 a r e  the rat ios  of the average heat t ransfer  
coefficients of the l a r g e r  (-) L ratio calor imeter  to the sma l l e r  ( -) L ra t io  

W W 
ca lor imeter .  
f rom Rubesin's  theory. 
predicted by the theory. 
difference resul ted f rom experimental uncertainties due to the difficulties 
in locating a ve ry  sma l l  calor imeter  paral le l  to the flow direction and i n  
properly defining the insulation thickness. 

Also'shown on this figure is the theoretical  ra t io  as calculated 
The measured ra t io  was much higher than that 
However, it is believed that a la rge  portion of this 

A comparison of the measured average heat t r ans fe r  coefficients with 
the theoretically predicted values for d k t  6 is given on Figure 22. 
local i so thermal  heat t ransfer  coefficient used as an  ho0 base  fo r  the values 
predicted by Rubesin were calculated f rom equation (9) a s  before. 

The 

The 
values measured  with the l a r g e r  (-) L ra t io  ca lor imeter  ( f"  dia. No. 7) 

W 
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were considerably higher than the theoretically predicted values. 
measured average heat t r ans fe r  coefficient for  the ca lor imeter  with the 
s m a l l e r  (k ra t io  (1" dia - No. 9) were nea r  the predicted values. 

The 

W )  

Because of the higher calor imeter  tempera tures  attained in this 
las t  run, the effect of reradiat ion from the ca lor imeter  su r face  w a s  
investigated. F r o m  calculations, the maximum reradiated energy was less 
than 4 percent  of the incident radiant energy, so no correct ion was applied 
to the data. 

CONCLUSIONS 

Qualitatively, the data bear  out the original conclusion that a lower su r face  
temperature  fo r  a slug ca lor imeter  resu l t s  in  a higher input convective heat 
flux density. The difference is g rea t e r  than one would expect solely due to the 
tempera ture  difference (T, - T,) ac ross  the boundary layer .  
be concluded that the heat t r ans fe r  coefficients to two ca lor imeters  at different 
su r f ace  tempera tures  are not identical. 
heat t r ans fe r  coefficients probably resulting from edge discontinuities. A 
major  portion of the differences in  the measured convective heat flux densit ies,  
especial ly  f o r  duct 3, was attr ibuted to experimental  inaccuracies .  These 
inaccuracies  were a resul t  of differences in insulation thickness, the effects 
of the grooved ca lor imeter  surfaces ,  and the difficulty of cor rec t ly  placing 
the ca lo r ime te r s  flush with the surface.  
the above uncertainties contributed to the total e r r o r  was not determined; 
however, no other explanation exis ts  for  the la rge  differences in the measured  
convective heat flux density between ca lor imeters  f o r  one duct and the s m a l l e r  
d i f fe rences  for  the other. 
be present  when installing a total ca lor imeter  in a flight vehicle. 

Thus, it can 

There  is some difference in the 

Exactly what inaccuracy each of 

Note that these same  physical difficulties would 

For the runs in duct 4 concerning the e f fec ts  of the (L) ratio, both 
and the 1" ca lor imeters  ( same thickness) measured approximately the 1 I t  W 

the 
s a m e  convective heat flux density within the data sca t te r .  
predicted very  little difference in the convective heat flux densit ies to the 
two ca lor imeters .  One can only conclude that the L r a t i o s u s e d  would 
not cause  significant differences in  the input heat flux density ai the relatively 
low tempera ture  (1000°F) of the surrounding mater ia l  as used for  this duct. 

Equation (4) 

(v) 

Higher duct tempera tures  and l a rge r  differences in the (L) ra t ios  
W 

1 11 were obtained in  duct 6 when using 
the data obtained f rom the 

and 1" diameter  ca lor imeters .  However, 
diameter ca lor imeters  rendered the r e su l t s  of the 
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runs in  these ducts questionable. 
heat flux densit ies which were extremely high, much higher (pe rhaps  100 
percent) than theoretically expected o r  observed in runs in other ducts. This  
leads one to the conclusion that the s m a l l  s i ze  of the ca lor imeter  compounded 
the installation e r r o r s .  Any flow interference caused by the d iameter  
ca lor imeters  would have a much more pronounced effect on their  readings 
than the s a m e  interference caused by the l a rge r  ca lor imeter  on its readings. 
The run  was not checked because the duct was destroyed. 

The sma l l  calor imeter  measured convective 

1 1 1  

RECOMMENDATIONS FOR FURTHER STUDY 

The various causes  of discrepancies in measured heat flux densit ies 
discussed in  this repor t  have included some which could be verified and 
some which were only conjectured. 
a few, are present  in  a given installation, i t  is quite difficult to  separa te  and 
define them quantitatively so  that they can be compensated for  by suitable 
calibration procedures.  
related to  temperature  differences between the calor imeter  and the surrounding 
surface,  the m o r e  pract ical  approach is to design the ca lor imeter  s o  that 
i t s  t empera ture  rise matches that of the surroundings. 
have the additional advantage of reducing heat exchange with the surroundings,  
thus simplifying the problems of installation. 

Whether all these factors ,  o r  only 

I Since most of these sources  or  e r r o r  are direct ly  

This  approach would 

The sur faces  in which the calor imeter  are embedded experience a 
rapid temperature  rise. Thus, the calor imeter ,  if i t  is to exhibit the 
s a m e  r i s e ,  must  be  capable of withstanding higher tempera tures  than the 
commonly used slug o r  membrane calor imeters ,  in o rde r  to permi t  monitoring 
through the ent i re  flight. 

One approach to this problem might be to use the base  plate mater ia l  
itself 3s a heat flux density transducer.  Such a ca lor imeter  would not be  
subject to e r r o r s  result ing from large tempera ture  discontinuities at the 
boundary, but other  problems would undoubtedly be incurred.  

A second solution might be found through the use of a re f rac tory  
mater ia l  fo r  the calorimeter.  designed s o  that i t s  temperature  rise would 
match that of the surrounding insulation. 
developed under Task  O r d e r  6 seems  promising f o r  this application. 
ca lor imeter  would have to be carefully designed to match the anticipated 
thermal  conditions and mounting location; however, this  approach appears  
to present  fewer problems than the alternate one of attempting f i r s t  to 
determine, and then to eliminate the seve ra l  sources  of e r r o r  shown to 
accompany the use of low temperature t ransducers .  

The graphite thermocouple 
The 
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Another approach to the problem would be to mount the ca lor imeter  in  a 

This  approach would permi t  precis ion mounting followed 
disc  of mater ia l  that represented a n  infinite thermal  boundary when mounted 
in the flight vehicle. 
by careful  calibration that would not be influenced by the surrounding thermal  
conditions in  flight. Indeed, the output of the ca lor imeter  could be calibrated 
for  the "cold wall" heat flux density. 
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for  Slug Ca lo r ime te r s  with Different f - )  A Ratios - Duct 3 
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Figure  18. Experimental Convective Heat Flux Densi t ies  Measured by Slug Calor imeters  with Different (F) 
Ratios-Duct 4 
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Duct 6 (Uncoated Firebrick)  

X - Denotes ra t io  of measured average heat t r ans fe r  
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F igure  22. Comparison of Measured and The0 L e t ica l  Heat  T rans fe r  Coefficients for 
Slug Calor imeters  with Different (w ) Ratios-Duct 6 
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l -  

0.895 4. 5 in. Of in.  
0.800 
0.895 4. 5 in. 94 in. 
0.800 

0.895 4 . 5  in. 9+ in .  
0 .800  
0.950 4.875 7h in. 
0.814 
0 .950  4.875 7; in. rising at  end of testing. Runs 2. 3. and 

~ behavior continued. All  runs indicated 0.814 

0.950 4.875 79,in. heat fluxes which appeared f a r  too low 
0.814 
0.950 4.875 in. was improperly installed in the duct 
0.814 
0.965 7 in. 9 in. Data appeared good. Calor lmeter  data 
0.887 

Temperature  o f f  dia calor imeter  kept 

4 made in o rde r  to  s e e  if this 

and it waa concluded that the calorimeter 

recorded on Moseley X-Y recorder .  + dia calor imeter  went to  top of s ca l e  
before end of testing; could not observe 
temperature  decay. 1 dia calor imeter  
temperature  decayed very slowly 
lndicatlng good insulation. Firebrick 
surface melted and prevented fur ther  
runs in this  duct. Melting corresponded 
well with measured su r face  temperature  

-44- 

L Distance from Tangent 
W Point to Calor imeter  
- 

0.800 4.6 In. 
0.800 

Table 3 

Summary of Information on Experimental Runs 

Distance from Burne r  
Nozzle to Calorimeter  Remarks 

E 

9% in. 
Data not presrnted because the 

1 calor imeters  were uninsulated and 

Duct 
NO. 

1 

0.800 4. 5 in. 
0.800 

0.800 4. 5 in. 
0.800 

0.895 4.5 in. 
0.800 
0.895 4. 5 in. 

Calor imeter  No. 
and Dimensions 

# l  - i d i a .  x 
( 2  - + d i a .  x 8  

8% in. 

S g i n .  

9; in. 

e t  in. 

Data questionable because of seemingly 
e r r a t i c  behavior of Calor imeter  3 

# l  - i d l a .  x i  

6 2  -;dia. x i  

0.800 
0.896 
0.800 

# 3  - f d i a .  x i  
# 4  - i d i a .  x i  

1 3  - + d i a .  x f  
1 4  - + d i a .  x; 

# 3  - )d i a .  x i  
6 4  - t d i a .  x i  

g b  in. A l l  data presented except Run 2 for  
which gas thermocouple did not read 

4.5 in. 

1 # 3  - i d l a .  x i  1 # 4  - & d i a .  x 3  
2 I C 3 - i d i a . x ;  

# 4 - ) d i a .  x i  

1 

2 

3 

4 

5 

8 

1 5  - 4 d i a .  x f  
1 8  - 1 dia. x i  

'= 

85  - t d i a .  x t  
( 6  - l d l a .  x: 

~ 

# 5  - f d i a .  x '  
1 8  - l d l a .  x i  

( 5  - ' din. x i  
# 8  - f d i a .  x t  

# S  - )d i e .  x f  
I6 - Id i a .  x i  

# 9  - l d i a .  x i  

# I  - + d i e .  x 8  
# 9  - l d i a .  x i  

1 1 7  - i d i a .  x: 

I 

0.800 4.5 in  
0.800 1 9% in. 

gave erroneous data. 1 
0.935 I .  375 in. 
0.935 

e# in. 

- 

Gas  temperature  thermocouple 
did not read 

9% in. I 0.935 I 1.375 in. 
0.935 

I Data appears  good 

0.935 I 7.375 in. 
0.935 

e#  in. I Calorimeter  3 did not read 

I .  375 in. 
0.935 

9% in. I Data appears  good 

~~ ~~~~ 
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